The glucocorticoid receptor (GR) acts as an anti-inflammatory factor. To a large extent, this activity is exerted by the interference of pro-inflammatory nuclear factor κB (NF-κB) activity. In their respective inactive forms, both GR and NF-κB reside in the cytoplasm and translocate to the nucleus on relevant stimulation. Previously, p65, a component of the NF-κB complex, and GR have been shown to interact physically in vitro, and the interaction is assumed to take place in the nucleus of cells [McKay and Cidlowski (1999) Endocrine Rev. 20, 435-459]. We have studied the interaction between GR and NF-κB using in vivo-like conditions. Using immunoaffinity chromatography or immunoprecipitation, combined with Western blotting, we observed that, with endogenous protein levels in cytosolic extracts of rat liver and of H4-II-E-C3 hepatoma cells and in contrast with the current belief, p65, p50 and inhibitory κBα complex interact with GR, even in the absence of glucocorticoid or an inflammatory signal. The interaction between non-liganded/nonactivated GR and p65/p50 has also been verified by both p65 and p50 co-immunoprecipitations. Intracellular localization studies, using Western blotting, revealed that glucocorticoids can decrease tumour necrosis factor α (TNFα)-induced nuclear entry of p65, whereas glucocorticoid-induced GR translocation was much less affected by TNFα. We were also able to demonstrate a nuclear interaction of GR and p65 and p50 using in vivo-like protein concentrations. Furthermore, nuclear GR interaction with heatshock protein 90 was enhanced distinctly by TNFα treatment. In conclusion, our studies suggest a strong interconnectivity between the NF-κB and GR-signalling pathways where also, somewhat unexpectedly, a physical interaction in the cytosol constitutes an integral part of GR-NF-κB cross-talk.
INTRODUCTION
The glucocorticoid receptor (GR) and the nuclear factor κB (NF-κB) are transcription factors with a well-known functional interplay, counteracting each other in the regulation of immune and inflammatory responses [1] [2] [3] . Glucocorticoid hormones, via GR, suppress inflammation by inhibiting the transcription of several cytokines, chemokines and cytokine receptors, and via transrepression of a number of inflammatory mediators. Activated NF-κB, on the other hand, enhances the expression of many of the cytokines and chemokines that are repressed by GR.
When non-activated, both GR and NF-κB reside in the cytoplasm of most cells. Non-activated GR forms a multi-protein complex in which, among other proteins, a dimer of heatshock protein (hsp) 90, as well as monomeric hsp70, heat-shock organizing protein, hsp40 and p23 are included (see [4] for a review). The proteins in this multi-protein complex play a role in the function of GR. For example, the dimer of hsp90 keeps the GR in an inactive and optimal conformation for ligand binding [5] . On ligand binding, GR is activated, i.e. GR dissociates from the dimer of hsp90 and the nuclear localization signals of GR are unmasked, and the receptor is capable of translocating into the nucleus and regulates gene transcription [6, 7] .
Within the cytoplasm, non-activated NF-κB is associated with an inhibitory protein, inhibitory κB (IκB) [8] . NF-κB is activated by a wide variety of stimuli, including the proinflammatory cytokine tumour necrosis factor α (TNFα), oxidative stress, bacterial and viral proteins. NF-κB activation Abbreviations used: DBD, DNA-binding domain; DTT, dithiothreitol; GR, glucocorticoid receptor; hsp, heat-shock protein; IκB, inhibitory κB; mAb, monoclonal antibody; NF-κB, nuclear factor κB; NMIgG, normal mouse IgG; PKAc, catalytic subunit of protein kinase A; TA, triamcinolone acetonide; TNFα, tumour necrosis factor α. 1 To whom correspondence should be addressed (e-mail lotta.wikstrom@mednut.ki.se).
leads to phosphorylation and proteolytic degradation of IκB, thereby unmasking the nuclear localization signal of NF-κB, which can translocate into the nucleus where it regulates gene expression. NF-κB is a dimer and the classical and most studied dimeric NF-κB transcription factor is the p65/p50 heterodimer, of which p65 is the transcriptionally active subunit (see [3, 9] for reviews on NF-κB).
In various experimental systems in vitro, GR has been found to associate with the p65 subunit of NF-κB and the interaction is known to lead to mutual transcriptional antagonism. The interaction and subsequent cross-talk is considered to occur in the nucleus of cells on stimulation of GR and NF-κB [3] , and is known to involve the Rel homology domain of p65 and the DNAbinding domain (DBD) of GR [1, 2, [10] [11] [12] . However, Doucas et al. [13] showed that the mutual cross-repression of NF-κB and GR requires a cytoplasmic step, and is dependent on the catalytic subunit of protein kinase A (PKAc) signalling. The methods used to investigate functional GR-p65 interaction have relied on the interaction of overexpressed proteins in cell lines and/or experiments in vitro. Hence, we decided to investigate whether GR interacts with p65 in the same way under conditions, where GR and its associated partners are present at concentrations comparable with the situation in vivo.
Using immunoaffinity chromatographic purification of GR from liver cytosol of adrenalectomized rats [14] , we found that p65, p50 and the inhibiting protein, IκBα, co-purified with GR from rat liver cytosol both when GR was in a nonliganded/non-activated (i.e. in the presence of molybdate) and in a liganded/activated state (i.e. ligand was added to the cytosol before heat activation). The GR and NF-κB association was further confirmed as GR co-immunoprecipitated with both p65 and p50 in rat liver cytosol. To investigate further the interaction between GR and p65 in vivo, we studied how triamcinolone acetonide (TA), a synthetic glucocorticoid and/or the inflammatory mediator, TNFα, affected the GR-p65 interaction in a rat hepatoma cell line. We employed both short-term and overnight treatment of the cells with TA and/or TNFα. We found both cytosolic and nuclear interactions between GR and the NF-κB family proteins. We also found that GR on the one hand, and p65 and p50 on the other, although they can interact in both cytoplasm and nucleus, could translocate from cytoplasm to nucleus independent of one another.
In summary, we found that GR is associated with p65, p50, IκBα, hsp70 and hsp90 in the cytosol of rat liver cells. GR could also associate with p65, p50, hsp70 and hsp90 in the nucleus. The cytosolic GR interaction with NF-κB proteins indicated greater interdependence and cross-control of these two signalling pathways than that was anticipated previously. The repression of stimulated p65 translocation by TA, in contrast with the more robust GR translocation whenever the ligand was present, indicated mechanistic differences as to how these two signalling pathways control one another. Furthermore, an increase in nuclear GR-hsp90 interaction, subsequent to an inflammatory stimulus, pointed to a novel mechanism for an inflammatory stimulus, such as TNFα, to counteract an anti-inflammatory response.
EXPERIMENTAL

Cytosol preparation and immunoaffinity chromatographic purification of rat GR
Rat liver cytosol was prepared from four 6-8-week-old, adrenalectomized female rats (M&B, Ry, Denmark). The livers were perfused with EPG buffer [1 mM EDTA, 20 mM phosphate buffer (pH 7.4), 10 % (v/v) glycerol, 50 mM NaCl and 2 mM dithiothreitol (DTT)], and homogenized in EPG buffer containing 0.5 µg/ml leupeptin, 1 µg/ml aprotinin (Roche Diagnostics Scandinavia AB, Stockholm, Sweden), 0.7 µg/ml pepstatin and 200 µg/ml PMSF (Sigma, Stockholm, Sweden) and ultracentrifuged at 210 000 g for 30 min at 4
• C. To obtain GR in different functional states, the cytosol was prepared as follows: 20 mM Na 2 MoO 4 was added to the EPG buffer in all steps for non-liganded/non-activated GR, and 20 nM TA was first added to the cytosol at 4
• C for 1 h, and then the cytosol was diluted 1:2 in EPG buffer and heat-activated at 25
• C for 30 min, for liganded/activated GR. The cytosol was filtered and then, at 4
• C, run through (1) a column containing 1 ml of Sepharose 4B, (2) a column with 1 ml of normal mouse IgG (NMIgG) antibodies coupled with CNBr-activated Sepharose 4B (referred to as the NMIgG column) and (3) a column with 1 ml of GR-specific mouse monoclonal antibody (mAb) 250 (originally called mAb 7) [15] coupled with CNBr-activated Sepharose 4B (referred to as the 250 column). Chromatography columns were purchased from Bio-Rad Laboratories (Stockholm, Sweden), and Sepharose 4B as well as CNBr-activated Sepharose 4B was from Pharmacia (Uppsala, Sweden). After washing with 15 ml of EPG buffer/50 mM NaCl, 15 ml of EPG buffer/150 mM NaCl (salt wash), and 15 ml of EPG buffer/50 mM NaCl respectively, 4 column volumes of the corresponding peptide D-12-E synthesized by Neosystem (Strasbourg, France) [16] , at a concentration of 1.4 mg/ml in EPG buffer, was used for elution of GR and GR-associated proteins at 4
• C. As the elution efficiency was dependent on the functional state of GR, peptide elution was not sufficient to elute liganded/activated GR, which required 2.5 M NaSCN in EPG buffer for complete elution. The eluted proteins were precipitated with 0.02 % sodium deoxycholate for 15 min and 20 % (v/v) trichloroacetic acid at 4
• C overnight. After centrifugation at 3000 g for 30 min and washing with ice-cold acetone, the proteins were resuspended in sample dilution buffer.
SDS/PAGE, Western-blot and immunostaining analyses
The proteins were run on SDS/polyacrylamide gel [7 Co-immunoprecipitation of GR using antibodies directed against p65 and p50
Liver cytosols were prepared as described above, and 10 mM Tris/HCl (pH 7.8), 0.1 % Nonidet P40, 0.15 M NaCl and 1 mM EDTA were added to the cytosol, which was then preabsorbed with agarose-coupled normal rabbit IgG (Santa Cruz Biotechnology). Total amount of protein (1000 µg) of the preabsorbed cytosol was diluted to a total volume of 300 µl in 10 mM Tris/HCl (pH 7.8), 0.1 % Nonidet P40, 0.15 M NaCl, 1 mM EDTA, 0.5 mM PMSF and 0.5 µg/ml each of aprotinin, leupeptin, pepstatin and 2 µg of antibodies directed against p65, p50-1 or p50-2 (sc-109, sc-7178 or sc-114 respectively; Santa Cruz Biotechnology) were added. After 1 h, 20 µl of resuspended volume of Protein A/G-agarose (Santa Cruz Biotechnology) was added and after another 3 h, the pellets were washed three times in PBS. Loading buffer (20 µl) was added to each sample and the samples were boiled before SDS/PAGE and Western-blot analysis. As negative control, 2 µg of agarose-coupled normal rabbit antibodies were used. All steps were performed at 4 • C.
Salt-gradient analysis of GR and GR co-purifying proteins
Liver cytosols from adrenalectomized rats were prepared to contain either non-liganded/non-activated or liganded/activated GR as described above, and the cytosols were run, in parallel, through three subsequent columns: Sepharose, NMIgG and 250 columns respectively. A stepwise NaCl gradient elution of the 250 columns was performed using EPG buffer with the following increasing salt concentrations: 30 + 20 ml of 50 mM, 20 ml of 300 mM, 20 ml of 600 mM, 20 ml of 1.2 M and 20 ml of 2.4 M. Thereafter, a 20 ml of 50 mM wash followed by a 5 ml peptide elution and a 10 ml NaSCN elution was performed. The salteluted fractions (other than the first 30 ml of the first washing with 50 mM), as well as the peptide and NaSCN-eluted fractions, were precipitated as described above and analysed by SDS/PAGE and Western blotting.
GR co-immunoprecipitation studies in rat hepatoma cells
Rat hepatoma cells H4-II-E-C3 (A.T.C.C., Manassas, VA, U.S.A.) were grown to 75 % confluency in RPMI medium, supplemented with 7.5 % (v/v) foetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin at 37
• C in 5 % CO 2 . Then, the cells were exposed to: only the medium as a control, 20 nM TA, 200 units/ml TNFα (Boehringer, Indianapolis, IN, U.S.A.), and 20 nM TA and 200 units/ml TNFα either for 15 min overnight (18 h) or for 30 min. The cells were pelleted and homogenized in homogenizing buffer [50 mM potassium phosphate buffer (pH 7.6), 10 % glycerol, 10 mM Na 2 MoO 4 , 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF and 0.5 µg/ml of each aprotinin, leupeptin, pepstatin, antipain, N-α-tosyl-L-lysylchloromethane and 0.25 µg/ml N-tosyl-Lphenylalanylchloromethane). After centrifugation at 800 g for 20 min, the supernatant was decanted and further centrifuged at 100 000 g for 40 min to obtain the cytosol. To obtain the nuclear extract, the pellet was washed twice, first in washing buffer [10 mM Tris/HCl (pH 7.4)/0.33 M sucrose/3 mM MgCl 2 /10 mM Na 2 MoO 4 ] containing 1 % Triton X-100, followed by two more washes in washing buffer without Triton X-100. The pellet was resuspended in extraction buffer [50 mM potassium phosphate buffer (pH 7.6)/10 % glycerol/0.4 M KCl/1 mM EDTA/1 mM DTT] and extracted on ice for 1 h with periodical mixing. After centrifugation at 100 000 g for 30 min and dialysis of extraction buffer for 1-2 h, the nuclear extract was obtained. In the studies shown in Figure 6 , dilution instead of dialysis was used to obtain a buffer containing 40 mM KCl. The protein concentration of the extracts was determined. The cytosol and the nuclear fractions were preabsorbed with NMIgG coupled with CNBr-activated Sepharose 4B. The preabsorbed fractions were immunoprecipitated using mAb 250, linked to CNBr-activated Sepharose 4B for 2 h. Both NMIgG-and 250-coupled Sepharoses were washed with 0.5 ml of EPG buffer/50 mM NaCl, 0.5 ml of EPG buffer/150 mM NaCl (salt wash), and 0.5 ml of EPG buffer/50 mM NaCl before sample dilution buffer was added. The samples were boiled before analyses by SDS/PAGE and Western blot as described above. The anti-PKAc antibody was purchased from Transduction Laboratories (Lexington, KY, U.S.A.). All steps were performed at 4
• C.
Time kinetic studies in rat hepatoma cells
Rat hepatoma cells were grown as described above and exposed to: only medium as a control, 20 nM TA, 200 units/ml TNFα, and 20 nM TA and 200 units/ml TNFα for 0, 30, 60 and 120 min, or for 8 and 24 h. Cytosol and nuclear extracts from the cells were obtained as described above, and the protein concentration of the extracts was determined. Cytosol (45 µg) and the nuclear extract (20 µg) were loaded on to each well, and separated by SDS/PAGE and analysed by Western blotting.
RESULTS p65 and IκBα co-purify with GR from rat liver cytosol
To study cytosolic GR-interacting proteins, we have earlier [14] described and established a GR immunoaffinity chromatographic purification method, where GR is purified from cytosol prepared from livers of adrenalectomized rats. Briefly, cytosol is prepared and pre-purified, first on a Sepharose column followed by a column containing NMIgG immobilized on a Sepharose matrix. The pre-purified cytosol is subsequently applied to a column containing mAb 250 [15] . A peptide corresponding to the identified epitope for mAb 250 [16] is used for elution of GR, and alternatively NaSCN is used as an eluent [14] . The peptide-eluted GR and its co-purified proteins were separated using SDS/PAGE and analysed by Western blotting. The advantage of using such a method to investigate GR and GR-interacting proteins is that the method is based on in vivo like conditions, i.e. native proteins at native concentrations.
There are several reports in the literature which show that GR and NF-κB interact physically [1, 10, 11] . These studies rely on different in vitro methods using, for example, immunoprecipitations of nuclear extract from HeLa cells overexpressing GR and p65 [10] , immunoprecipitations of wholecell extract from COS cells co-transfected with GR and p65 [11] or immunoprecipitations of translated p65 and GR in vitro [1] .
We decided to investigate whether p65 or c-Rel (another member of the mammalian Rel family [3] ), and/or their dimerizing partner p50 could associate with GR in the liver cytosol of adrenalectomized rats. Since IκBα anchors non-activated p65 in the cytoplasm, we also investigated whether IκB was associated with GR as well. After immunoaffinity chromatographic purification of GR from rat liver cytosol, Western-blot analysis showed that p65, p50 and the inhibitor protein IκB co-purified with GR in a non-liganded/non-activated state ( Figure 1A ), i.e. when molybdate was added to the cytosol. p65, p50 and IκB also interacted with GR, purified from the liver cytosol of adrenalectomized rats, in a liganded/activated state ( Figure 1B ), i.e. when TA was added to the cytosol before heat activation. Although c-Rel is present in the rat liver [17] , GR did not bind to c-Rel in our experiment. This lack of c-Rel-GR interaction may emphasize the specificity of the p65 interaction. As detailed studies of the interacting domains of p65 and GR have been performed, we assume that p65 and GR interactions are direct. The nature of the GR interactions with p50 and IκB, however, are possibly indirect, via p65, but direct interactions cannot be excluded.
GR co-immunoprecipitates with p65 and p50
By using a rabbit polyclonal antibody directed against p65 and two different rabbit polyclonal antibodies directed against two different regions of p50, we performed a set of coimmunoprecipitation studies to confirm further that GR associates with the NF-κB complex in rat liver cytosol. The p65 and p50 coimmunoprecipitates were analysed by SDS/PAGE followed by Western blotting. Indeed, GR was found to co-immunoprecipitate with all three of the polyclonal antibodies directed against NF-κB complex proteins ( Figure 1C) . No GR was found to immunoprecipitate with normal rabbit IgG (results not shown). We also investigated the supernatant to examine how much GR did not co-immunoprecipitate with the p65, p50-1 and p50-2 antibodies. We found that most of the GR within the liver cytosol is not actually bound to NF-κB.
GR interaction with p65 and IκBα in rat liver cytosol withstands high-salt washing
To examine the strength of the GR interaction with p65 and IκBα, a stepwise salt elution with increasing concentrations of NaCl from 50 mM to 2.4 M was performed. Liver cytosol (A, B) Cytosol of four livers from adrenalectomized rats was prepared and divided into two equal parts. To one part, sodium molybdate was added to obtain GR in a non-liganded/nonactivated state (A), and to the other part ligand was added and heat activation was performed to obtain GR in a liganded/activated state (B). The cytosols were purified using an immunoaffinity chromatographic method [14] . Western-blot analysis was performed to detect GR and p65, p50, c-Rel and IκBα. Molecular-mass markers are shown in kDa. (C) Liver cytosol containing non-liganded/non-activated GR was prepared from adrenalectomized rats as described in the Experimental section and immunoprecipitations (ip) were performed using 2 µg of polyclonal antibody directed against p65, p50-1 or p50-2. The p65 and p50 immunoprecipitates were separated and analysed using Western-blot analysis. Immunostaining showed that GR coimmunoprecipitated with p65, p50-1 and p50-2. The supernatant (s) shows the fraction of GR that has not co-immunoprecipitated with the p65, p50-1 and p50-2 antibodies respectively. The positive control ( + ) is 5 % (50 µg of total protein) of input (1000 µg of total protein).
from adrenalectomized rats was prepared to contain either nonliganded/non-activated GR (Figure 2A ) or liganded/activated GR ( Figure 2B ) and the cytosols were run, in parallel, through three subsequent columns: Sepharose, NMIgG and 250-columns respectively. A stepwise salt gradient elution of the 250-columns was performed using EPG buffer with increasing salt concentrations: 50 mM, 300 mM, 600 mM, 1.2 M and 2.4 M, followed by a salt washing out using 50 mM NaCl. Thereafter, elution with the D-12-E peptide followed by an NaSCN elution was performed. The salt-eluted fractions as well as the peptide and NaSCN-eluted fractions were precipitated and analysed by SDS/PAGE and Western blotting. We found that even after exposure to 2.4 M NaCl, p65 and IκBα were still associated with GR and co-eluted with GR when using the peptide D-12-E for elution as well as with the following GR elution using NaSCN, both when GR was non-liganded/non-activated and when GR was in a liganded/activated state. We also found that part of the cytosolic p65 and IκBα did not seem to be associated with GR (Figures 2A and 2B, lane 2) . These results indicate that the interactions among GR, p65 and IκBα in rat liver cytosol are strong, but that a significant fraction of p65 and IκBα is not GR-associated.
Early effects of TA and TNFα treatment on localization and GR-NF-κB protein interaction
Intrigued by the cytosolic association between GR and NF-κB proteins, we studied the functional consequences of this interaction in a cell-culture system. This was also performed under conditions where the cells were challenged with the respective activator for GR and NF-κB by the addition of the GR ligand TA and/or the NF-κB activator TNFα respectively. The experiments were performed with the rat hepatoma cell line H4-II-E-C3, expressing native levels of GR and NF-κB proteins. The cells were grown to 70 % confluency and thereafter exposed to either only the medium as a control, TA, TNFα or a combination of TA and TNFα for 15 min. Cytosolic and nuclear extracts were prepared and immunoprecipitations were performed using the anti-GR mAb 250. Western-blot analysis of the GR precipitates, as presented in Figure 3 (A), showed that GR could be immunoprecipitated mainly from the cytosol of cultivated cells ( Figure 3A, lanes 1a-1d) , and a small amount was found in the nucleus, even in the absence of ligand ( Figure 3A , lane 2a). A fraction of GR translocated to the nuclear compartment after 15 min treatment with TA ( Figure 3A, lane 2b) . The combined addition of TA and TNFα for 15 min led to a less pronounced GR nuclear translocation as compared with the treatment to TA alone. This may reflect that activated p65, at least at this early time point, could decrease GR entry into the nucleus. p65 co-immunoprecipitated with the cytosolic fraction of GR with or without TA ( Figure 3A, lanes 1a and 1b) in a similar fashion as in rat liver cytosol (Figure 1) . Interestingly, p65 was also found to co-immunoprecipitate with GR from the cytosol on treatment with TNFα ( Figure 3A, lanes 1c and 1d) . Normally, p65 resides in the cytoplasm of cells and, on treatment with TNFα, p65 translocates to the nucleus. NF-κB translocation is reported to occur with a half-life of 7-8 min in HeLa cells and 12-13 min in chondrocytes [18] . However, in the HTC cells we used, we were not able to detect any p65 in the nucleus 15 min after TNFα treatment, either as free p65 (results not shown) or coimmunoprecipitating with GR ( Figure 3A, lanes 2c and 2d) . IκBα co-immunoprecipitated with GR from the cytosol independently of TA and TNFα ( Figure 3A, lanes 1a-1d) . These results indicate that the GR that translocated to the nucleus after treatment with TA and TNFα in combination did not bring along p65 into the nucleus, and thus may represent either a GR population that is not interacting with p65, or a GR population that detaches from p65 on glucocorticoid treatment. Doucas et al. [13] have shown previously that PKAc and GR are associated, using pull-down experiments as well as immunoprecipitation of GR, overexpressed in HEK-293 cells [13] . They also suggested that the interaction between NF-κB and GR is located in the cytoplasm and dependent on PKAc. Therefore we also investigated if PKAc could co-immunoprecipitate with GR using our system. Indeed, we could detect PKAc in the GR co-immunoprecipitate from the cytosol of the rat hepatoma cells ( Figure 3A, lane 1a) . However, the PKAc signal was not enriched compared with the input fraction ( Figure 3C ), thus indicating a weak association with GR.
As a negative control experiment to ascertain that the coimmunoprecipitations are specific, NMIgG antibodies coupled with Sepharose, used for preabsorption, were boiled in sample dilution buffer, run on SDS/polyacrylamide gel and analysed by Western blotting ( Figure 3B ). Neither GR, p65, IκBα nor PKAc was detected, which indicates that the GR
Figure 2 p65 and IκBα interaction with GR is maintained at high-salt conditions
A salt elution profile was performed to investigate the strength of the interaction among GR, p65 and IκBα. Liver cytosol from adrenalectomized rats was prepared to contain either non-liganded/nonactivated (A) or liganded/activated (B) GR. A stepwise salt gradient elution of GR was performed using EPG buffer with increasing salt concentrations: 50 mM, 300 mM, 600 mM, 1.2 M, 2.4 M and 50 mM as indicated in the Figure. Thereafter, a peptide elution (D-12-E) followed by an NaSCN elution was performed as described in the Results section. The salt-eluted fractions, apart from the first 30 ml of the first washing with 50 mM, as well as the peptide and NaSCN-eluted fractions, were precipitated and analysed by Western-blot analysis after SDS/PAGE separation using antibodies raised against GR, p65 and IκBα. Lane 1 represents the cytosol before applying it to the columns and lane 2 contains the flow-through. Both lanes 1 and 2 contain 50 µg of total protein respectively.
co-immunoprecipitation was specific. Figure 3 (C) shows 1 % of the total protein input.
Effects of TA and TNFα treatment on localization of GR/NF-κB and on GR-NF-κB protein interaction after overnight treatment
We studied long-term effects of the treatment with TA and/or TNFα on GR and NF-κB localization and interaction. Rat hepatoma cells were grown to 70 % confluency and thereafter exposed either only to the medium, as a control, TA, TNFα or a combination of TA and TNFα overnight (18 h). Cytosolic and nuclear extracts were prepared and immunoprecipitations were performed. Western-blot analysis, as presented in Figure 4 , showed that GR could be immunoprecipitated mainly from the cytosol, but also to a certain extent from the nucleus even in the absence of TA ( Figure 4A, lanes 1a and 2a) . When adding TA, GR translocated into the nucleus and could be immunoprecipitated mainly from the nucleus, but also from the cytosolic fraction ( Figure 4A, lanes 1b and 2b) , indicating that, after overnight exposure to TA, a fraction of GR either remains in or re-enters the cytosolic compartment. p65 was capable of associating with GR in the cytosol independently of TA and/or TNFα ( Figure  4A, lanes 1a-1d) . IκBα also co-immunoprecipitated with GR from cytosol when TA and/or TNFα was added ( Figure 4A,  lanes 1a-1d) . Interestingly, nuclear p65, activated by TNFα, coimmunoprecipitated with GR in the nuclear fraction ( Figure 4A , lane 2c). Furthermore, adding a combination of TA and TNFα overnight, resulted in GR translocation to the nucleus, but no further enhancement of p65 co-immunoprecipitation in the nuclear fraction ( Figure 4A, lane 2d) . In this experiment, we detected PKAc in the GR co-immunoprecipitate from the cytosol of the rat hepatoma cells irrespective of TA and/or TNFα. However, compared with the input control ( Figure 4C, lanes 1a-1d) , the signals in Figure 4 (A), lanes a-d, are quite weak and not as enriched as, e.g. the IκBα signals, which were not even detectable in the input control. This result also indicates that GR and PKAc could interact but that their interaction is probably weak. As a negative control experiment, the NMIgG antibodies coupled with Sepharose used for preabsorption were boiled in sample dilution buffer and run on SDS/polyacrylamide gel and analysed by Western blotting as well ( Figure 3B ). To evaluate further our results shown in Figures 3 and 4 , we studied the time kinetics of GR and p65 entry to the nucleus after challenge. Therefore we examined the cellular distribution of GR and p65 at various time points; rat hepatoma cells were grown to 70 % confluency and thereafter exposed to either only the medium as a control, TA, TNFα, or TA and TNFα in combination for 0, 30 or 60 min or for 2, 8 or 24 h. Cytosolic and nuclear extracts were prepared and analysed by Western blotting, as presented in Figure 5 . We found that without treatment (−) both GR and p65 reside mainly in the cytoplasmic compartment ( Figure 5 , -, lanes 1-6, for both GR and p65). Addition of TA to the medium for 30 min was sufficient for GR to translocate from the cytosol to the nucleus ( Figure 5 , GR and TA) and after 2 h exposure to TA, most of GR resided in the nuclear compartment. Treatment with TA did not lead to nuclear translocation of p65 at any time point. On treatment with TNFα, a maximal presence of nuclear p65 was observed after 30 min, whereas GR remained in the cytosol. These results also indicate that most of the p65 resides in the cytosol and that only a fraction of p65 enters the nuclear compartment on treatment with TNFα. Treatment with TA and TNFα in combination showed that GR entered the nucleus in the same way as treatment with TA alone indicating that GR enters the nucleus independently of p65. However, p65 did enter the nucleus on treatment with TA and TNFα in combination, but not to the same extent as on treatment with TNFα alone. TA treatment seemed to decrease p65 entry to the nuclear compartment. These results indicate that cross-repression is mechanistically different for GR and p65.
Cytosolic and nuclear GR interaction with NF-κB and hsp family proteins after TA and TNFα treatment for 30 min
Since the results in Figure 5 showed that both GR and p65 entered the nucleus on treatment with TA and TNFα for 30 min, we chose this time point for further investigation of (2), 60 min (3) or 120 min (4) and for 8 h (5) or 24 h (6). Cytosolic (Cyt) and nuclear (NE) extracts were prepared as described in the Experimental section and analysed by Western blotting using antibodies directed against GR and p65. Rat hepatoma cells were grown to 70 % confluency and thereafter exposed to only the medium (a) or medium containing 20 nM TA (b), 200 units/ml TNFα (c), or 20 nM TA and 200 units/ml TNFα (d) for 30 min. Cytosolic and nuclear extracts were prepared as described in the Experimental section and the total protein concentration of the fractions was estimated: cytosolic fractions 2 mg (1) and nuclear fractions 350 µg (2) . GR co-immunoprecipitation of the cytosolic (1) and nuclear fraction (2) was performed using 30 and 20 µl respectively of Sepharose coupled with mAb 250. The GR co-immunoprecipitates were separated and analysed using Western blotting using antibodies as indicated in the Figure and GR and NF-κB interactions. We investigated the GR coimmunoprecipitation pattern for a panel of proteins, including p65, p50, IκBα, hsp90 and hsp70. Again, we used rat hepatoma cells, exposed to TA, TNFα or TA and TNFα in combination for 30 min. Cytosolic and nuclear extracts were prepared and immunoprecipitations were performed. Western-blot analysis of the GR precipitates, as presented in Figure 6 , shows that, in the absence of treatment, most GR resides in the cytosol but a small fraction of GR was found in the nuclear extract. When the cells were treated with TA, GR entered the nucleus but a considerable amount of GR remained in the cytosolic fraction. Treating the cells with TA and TNFα in combination for 30 min did not seem to affect the cellular localization of GR compared with TA treatment alone. p65 co-immunoprecipitated with GR from the cytosol independently of any treatment, which is in line with the results described above. After treatment with TNFα for 30 min, p65 coimmunoprecipitated with GR from the nuclear extract. In this experiment, in line with the results presented in Figure 4 , it seemed that p65 co-immunoprecipitated with GR in the nuclear extract on combined treatment with TA and TNFα, but not to the same extent as after treatment with TNFα alone (Figure 6, lanes 2c  and 2d) .
Using a very sensitive substrate, SuperSignal c WestFemtoMaximumSensitivitySubstrate, we were able to detect p50 in the GR co-immunoprecipitate. Our results show that p50 was associated with GR in the untreated cytosol and after treatment with TA. On treatment with TNFα or combined TA and TNFα for 30 min, the GR-p50 association in the cytoplasm ceased, but instead p50 appeared as a GR co-purifying protein in the nucleus. IκBα co-purified with GR from the cytosol independent of any treatment (results not shown).
In this experiment, we also investigated the GR co-immunoprecipitation pattern of hsp90 and hsp70. hsp90 coimmunoprecipitated with GR in the cytosolic fraction independent of TA and/or TNFα, but we also detected a weak association between GR and hsp90 in the nucleus from untreated cells and cells treated with TNFα ( Figure 6, lanes 2a and 2c) . hsp70 was found to co-immunoprecipitate with GR, independently of treatment, in the cytosol and in the nucleus, although the coimmunoprecipitation signals from the nucleus were much weaker after treatment with TA. The findings of hsp90 and hsp70 as GRco-immunoprecipitating proteins in the nucleus in the control panel, i.e. with no treatment (Figure 6, lane 2a) , may represent non-liganded/non-activated GR, as non-liganded/non-activated GR is capable of shuttling between the cytoplasm and the nucleus [19] . After treatment with TNFα for only 30 min, hsp90, in repeated experiments, was found to co-immunoprecipitate with GR from the nucleus ( Figure 6 , lane 2c) and, compared with the control, addition of TNFα for 30 min seemed to enhance the GRhsp90 interaction. After treatment with TA or TA and TNF, hsp90 dissociated completely from GR in the nucleus (Figure 6, lanes  2b and 2d) . The input control showed the same amount of hsp90 in the nucleus regardless of treatment (results not shown).
DISCUSSION
It has been determined previously that GR and p65 interact physically in vitro, and that this interaction involves the Rel homology domain of p65 [20] and the DBD of GR [12] . Proposed mechanisms for NF-κB and GR cross-talk include direct physical interaction in the cell nuclei, resulting in mutual loss of DNA-binding ability, competition for a limiting common transcriptional co-activator or induced synthesis of IκBα by GR (see [3] and references therein). Recently, a study suggested that transrepression of GR and p65 may depend on a cytoplasmic event that requires PKAc and a PKA phosphorylation site in p65 [13] . Furthermore, a study by Nissen and Yamamoto [21] shows that GR interferes with phosphorylation of Ser-2 of the RNA polymerase II C-terminal domain required for transcription-initiation via the interleukin-8 and intracellular adhesion molecule-1 promoters, and in this fashion GR could repress NF-κB activated by TNFα. The present study, as well as earlier studies by Lidén et al. [22] indicates that GR does not interfere with the NF-κB DNA binding, but rather with events involving transcriptional activation. The physical interaction between GR and p65 has been observed in several experiments in vitro [1, 10, 11, 20] , but until now, GR and p65 interaction has not been confirmed using in vivo like conditions, and the intracellular localization of their interaction has not been clear.
We have developed a GR purification method previously, where GR and its associated partners are purified from rat liver cytosol [14] . Using this GR purification method, we have shown that GR interacts with a large number of proteins in the cytosol of livers from adrenalectomized rats [14] (E. Hedman, C. Widén, A. Asadi, T. Kieselbach, W. Schröder, J.-Å. Gustafsson and A.-C. Wikström, unpublished work). In the present study, we have shown that GR interacts physically with p65, p50 and IκBα in the liver cytosol of adrenalectomized rats. It should be noted that we have observed GR-p65 interaction in the cytoplasm also under non-stimulated conditions and not only on activation of GR and NF-κB [3] as assumed previously. The GR-NF-κB interaction was confirmed by using antibodies directed against p65 and p50, and we found that GR co-immunoprecipitated with these antibodies. We also investigated the supernatant and found that, in vivo, only a small fraction of GR co-immunoprecipitated with p65 and p50, since most GR remained in the supernatant.
Both the GR-p65 and GR-IκBα interactions withstood 2.4 M NaCl, thus indicating that the interactions among GR, p65 and IκBα are strong. We also concluded that not every p65 and IκBα molecule in the cytosol was associated with GR, since we detected both p65 and IκBα in the flow-through fraction (Figures 2A and  2B , lanes 2) of the immunoaffinity column and in the supernatant after co-immunoprecipitation (results not shown), although all GR bound to the column.
To investigate further the GR and NF-κB protein interaction, we studied the impact of their respective activators, TA and TNFα, in a rat hepatoma cell line. Our results show that we were able to immunoprecipitate GR from rat hepatoma cellular cytosol and nuclear extract after treatment with TA for 15 min. Furthermore, we detected both p65 and IκBα as GR co-immunoprecipitating proteins from the cellular cytosolic extract independently of any added TA and TNFα. The addition of both TA and TNFα for 15 min did not result in as much GR nuclear translocation as did in treatment with TA alone. We speculate that activated p65 hinders or at least delays GR from entering the nucleus. After treatment with TNFα for 15 min, p65 did not co-immunoprecipitate with GR from the nucleus. The reason could be that GR and p65 do not associate physically in the nucleus in vivo, but the probable explanation is that p65 in rat hepatoma cells needed more than 15 min for activation and nuclear translocation. This is in contrast with what has been reported previously for HeLa cells and human chondrocytes [18] .
PKAc has been found to be a possible mediator of crossrepression by NF-κB and GR [13] , and we investigated whether PKAc co-purified with GR in the cytosol of rat hepatoma cells. Indeed, we found that PKAc and GR co-immunoprecipitated but the signal was weak and not enriched, as compared with the input signal. Furthermore, overnight treatment with TA and/or TNFα did not affect this interaction. This indicates that GR and PKAc can interact but that the interaction in rat hepatoma cells is weak at physiological protein concentrations.
As shown in Figures 3, 4 and 6, we were able to immunoprecipitate a small fraction of GR from the nucleus, even in the absence of TA ( Figure 3A , lane 2a; Figure 4A , lane 2a; Figure 6 , lane 2a). There are several possible explanations for this: (1) a small fraction of non-liganded/non-activated GR (i.e. associated with hsps) may reside in the nuclear compartment [23] , (2) a small fraction of non-liganded/nonactivated GR was activated occasionally and entered the nucleus or (3) non-liganded/non-activated GR recirculates between the cytoplasm and the nucleus [19, 24] . It should be added that immunoprecipitation represents an effective enrichment of the available GR and that there is no demonstrable GR in the input nuclear extract fraction ( Figures 3C and 4C ), indicating that the nuclear GR fraction, as expected, is small in the absence of ligand. Also, the combined overnight treatment with TA and TNFα seemed to increase the GR amounts both in the cytosol and in the nucleus ( Figure 4A, lanes 1d and 2d) , as compared with TA treatment alone ( Figure 4A, lanes 1b and 2b) . Usually, the amount of GR is down-regulated after overnight exposure to TA; maybe this effect is inhibited by TNFα.
When investigating the co-immunoprecipitation pattern of hsp90 and hsp70, we found that both hsp90 and hsp70 coimmunoprecipitated with GR in the nucleus in the absence of TA, which is in line with the notion that non-liganded/non-activated GR can shuttle between the cytoplasm and the nucleus [19, 24] . More interestingly, the hsp90 and hsp70 co-immunoprecipitation with GR in the nucleus seemed to be enhanced after treatment with TNFα for 30 min ( Figure 6, lane 2c) . hsp90 is reported to translocate into the nucleus after single or repeated heatshock stimuli [25] (see [26] for a review), but the observation of potentiated interactions between hsp90 and GR in the nucleus after TNFα stimulus is novel and may indicate additional mechanisms for pro-inflammatory TNFα action.
GR associated with p65, p50 and IκBα in the cytosol of rat hepatoma cells independent of TA and/or TNFα treatment. On TNFα treatment for 30 min, p65 and p50 entered the nucleus and also appeared as GR co-immunoprecipitating proteins in the nucleus of rat hepatoma cells. Activated p65 and p50 were thus capable of interacting with non-liganded/non-activated GR in the cell nucleus. After combined treatment with TA and TNFα, p65 and p50 were still associated with GR in the nucleus, but to a lesser extent as compared with treatment after TNFα alone. We speculate that this is due to a weaker association of p65 and p50 to liganded/activated GR when compared with non-liganded/nonactivated GR or to a lower amount of nuclear p65 and p50 available
Figure 7 NF-κB is found within various GR receptosomes in liver cells
If GR and NF-κB reside in the same cellular compartment in a liver cell, they can associate with each other both when non-activated or activated. We have identified p65, p50 and their inhibitor IκBα associated with both non-liganded/non-activated GR (A) and with liganded/activated GR (B) in the cytosol of rat liver cells. On activation of GR and NF-κB, using TA and TNFα, we have identified p65 and p50 associated with liganded/activated GR in the nucleus of liver cells (C). On stimulation with TNFα alone, we have identified p65 and p50 associated with non-liganded/non-activated GR in the nucleus of liver cells (D).
in the nucleus on treatment with TA and TNFα in combination when compared with treatment of TNFα alone. Our findings that GR can interact with p65 and p50 in the cytosol independent of TA and TNFα, and that non-liganded/non-activated GR as well as liganded/activated GR can interact with activated p65 and p50 in the nucleus are somewhat in contrast with previous work by e.g. De Bosscher et al. [27] , Lidén et al. [22] , and McKay and Cidlowski [2] , where only ligand-induced GR-NF-κB interaction has been observed and where the GR-NF-κB interaction is assumed to take place only in the nucleus of cells. It is also possible that the GR-NF-κB association we have observed in the cytoplasm of liver cells may be cell-type-specific.
Interaction between GR and NF-κB involves the Rel homology domain of p65 and the DBD of GR and the C-terminal zinc finger of the DBD [12] . This zinc finger is important for dimerization and transactivation [12] . The Rel homology domain of p65 is important for DNA binding, dimerization and nuclear localization [3] . Based on this knowledge as well as our results showing that the GR-p65 interaction is independent of ligand activation and the results from Nissen and Yamamoto [21] , who have also demonstrated that interaction of GR and p65 is independent of ligand in vitro, we assume that GR dimerization is not a prerequisite for the interaction with p65 subunit of NF-κB.
Taken together, we have found that if both GR and NF-κB reside in the same cellular compartment in a liver cell, they can associate with each other regardless of TA and TNFα treatments. Figure 7 is an attempt to summarize the various GR receptosomes containing NF-κB that we have identified in liver cells. We believe that in a cell, the antagonistic GR-and NF-κB-signalling pathways are so important for the fate of a cell that the two pathways need to be in continuous contact. Probably, transrepression of GR and NF-κB occurs at several different levels within a cell. Our studies suggest a strong physical interaction between GR and NF-κB in the cytosol, and we propose that this direct interaction constitutes an integral part of GR-NF-κB cross-talk.
